A major function of the cell-to-cell adhesion molecule Ecadherin is the maintenance of cell adhesion and tissue integrity. E-cadherin de®ciency in tumours leads to changes in cell morphology and motility, so that Ecadherin is considered to be a suppressor of invasion. In this study we investigated the functional consequences of three tumour-associated gene mutations that aect the extracellular portion of E-cadherin: in-frame deletions of exons 8 or 9 and a point mutation in exon 8, as they were found in human gastric carcinomas. Human MDA-MB-435S breast carcinoma cells and mouse L ®broblasts were stably transfected with the wild-type and mutant cDNAs, and the resulting changes in localization of E-cadherin, cell morphology, strength of calcium-dependent aggregation as well as cell motility and actin cytoskeleton organization were studied. We found that cells transfected with wild-type E-cadherin showed an epitheloid morphology, while all cell lines expressing mutant E-cadherin exhibited more irregular cell shapes. Cells expressing Ecadherin mutated in exon 8 showed the most scattered appearance, whereas cells with deletion of exon 9 had an intermediate state. Mutant E-cadherins were localized to the lateral regions of cell-to-cell contact sites. Additionally, both exon 8-mutated E-cadherins showed apical and perinuclear localization, and actin ®laments were drastically reduced. MDA-MB-435S cells with initial calciumdependent cell aggregation exhibited decreased aggregation and, remarkably, increased cell motility, when mutant E-cadherin was expressed. Therefore, we conclude that these E-cadherin mutations may not simply aect cell adhesion but may act in a trans-dominant-active manner, i.e. lead to increased cell motility. Our study suggests that E-cadherin mutations aecting exons 8 or 9 are the cause of multiple morphological and functional disorders and could induce the scattered morphology and the invasive behaviour of diuse type-gastric carcinomas.
Introduction
Among the large group of cell adhesion molecules, cadherins are calcium-dependent and typically mediate homophilic cell-to-cell interactions (Takeichi, 1991) . Ecadherin is the prototype of this family and plays a fundamental role in the development and maintenance of adhesion between epithelial cells. The protein is composed of an extracellular domain, a transmembrane region and a cytoplasmic portion (c.f. Kemler, 1993 for a review). The extracellular portion mediates intercellular contacts, and the three-dimensional structure of part of this region has been determined (Overduin et al., 1995; Nagar et al., 1996) . In order to exert functional activity, E-cadherin must form complexes with cytoplasmic plaque proteins, the catenins, and with the actin cytoskeleton Ozawa et al., 1990b) . b-Catenin and plakoglobin are homologues to the segment polarity gene armadillo of Drosophila, which binds directly to the cytoplasmic domain of E-cadherin (Huelsken et al., 1994; NaÈ thke et al., 1994) . a-Catenin has actin-binding activity and links the cadherin/ catenin complex to the actin cytoskeleton (Knudsen et al., 1995; Rimm et al., 1995) .
In addition to its function as linker between Ecadherin and a-catenin, b-catenin has recently been shown to be a component of a surface-to-nucleus signal transduction pathway by virtue of its binding to transcription factors of the LEF/TCF family (Behrens et al., 1996; Molenaar et al., 1996; Huber et al., 1996) . Furthermore, b-catenin associates with the tumour suppressor gene product APC (adenomatosis polyposis coli) whose mutational inactivation is linked to progression of colon cancer (Rubinfeld et al., 1993; Su et al., 1993) . APC and b-catenin also form a complex with conductin/axin to direct b-catenin to degradation (Behrens et al., 1998; Ikeda et al., 1998) .
It has been known for decades that cell-to-cell contacts are often weakened in malignant cells, and that irregularity of cell shape is a common characteristic of such cells (Coman 1944; cf. Hedrick et al., 1993 , for a review). The identi®cation and characterization of cell adhesion molecules in tumours, in particular cadherins and integrins, has signi®cantly contributed to the understanding of the malignant phenotype (Albelda et al., 1990; Chan et al., 1991; cf. Birchmeier and Behrens, 1994 , for a review). Carcinomas are caused by the uncontrolled growth of epithelial cells and account for over 90% of malignant human tumours. Gastric and breast carcinomas have been subdivided into (i) diuse or lobular tumours without homophilic cell-to-cell interactions, which invade surrounding tissues as single cells, and (ii) adhesive tumours in which the malignant cells maintain their cell-to-cell contacts and form glands or tubular structures (Rosai, 1989; Oka et al., 1993; Pignatelli et al., 1994; Bailey et al., 1998) . It has been found that Ecadherin is often lost or nonfunctional in diuse-type carcinomas (cf. Takeichi, 1993, Birchmeier and Tahara, 1993 , for reviews). Consequently, numerous researchers, including ourselves, have analysed diuse and adhesive-type tumours in order to ®nd dierences in the expression or integrity of cell adhesion molecules, especially E-cadherin (cf. Gabbert et al., 1996; Streit et al., 1996 , for reviews).
Immunohistochemical analysis of E-cadherin in gastric cancer specimens has been examined: several studies reported a correlation between E-cadherin loss and the diuse phenotype (Mayer et al., 1993; Matsui et al., 1994; Shino et al., 1995) , others found loss of Ecadherin immunoreactivity in only a minority of diuse-type gastric carcinomas (Shimoyama and Hirohashi, 1991; Ochiai et al., 1994) . We have analysed the integrity of the E-cadherin mRNA in gastric carcinomas and we detected somatic mutations in 50% of diuse-type gastric carcinomas (Becker et al., 1993 (Becker et al., , 1994 . Remarkably, most of the observed gene alterations were splice-site mutations, resulting in in-frame loss of partial or complete exon sequences. Wild-type E-cadherin was not detected in diuse-type gastric carcinomas expressing mutant E-cadherins, providing evidence for the categorization of Ecadherin as a tumour/invasion suppressor gene. The complete in-frame loss of exons 8 or 9 was identi®ed as a mutational hot spot. Our reports of E-cadherin mutations and loss of heterozygosity were con®rmed by other investigators Muta et al., 1996; Tamura et al., 1996) . Recently, E-cadherin germ line mutations in gastric carcinomas were reported, underlining the importance of E-cadherin mutations in tumorigenesis (Guilford et al., 1998; Gayther et al., 1998) .
Somatic E-cadherin mutations were further demonstrated in gynaecologic tumours (Risinger et al., 1994) and in the majority of lobular breast carcinomas lacking E-cadherin immunoreactivity (Berx et al., 1995 (Berx et al., , 1996 Kanai et al., 1994) . In contrast, we did not ®nd evidence for mutations in either a-or bcatenin in primary gastric and breast carcinomas, suggesting that structural mutations in catenins may only play a minor role in progression of these malignancies (Candidus et al., 1996) .
In the present study, we analysed the functional consequences of E-cadherin mutations observed in diuse-type gastric cancer using cell culture studies. Wild-type E-cadherin and E-cadherin lacking exons 8 or 9 or carrying a point mutation in exon 8 were expressed in E-cadherin-negative MDA-MB-435S mammary carcinoma cells and in L929 ®broblasts. Both cell lines have previously been used for the functional analysis of transfected wild-type E-cadherin (Nagafuchi et al., 1987; Frixen et al., 1991; Meiners et al., 1998) . Our ®ndings demonstrate that mutations characteristic for diuse-type gastric carcinomas markedly alter the activity of E-cadherin: Cells expressing mutated E-cadherins showed an altered morphology, decreased calcium-dependent cell aggregation, increased cell motility and changes in actin ®lament organization. We demonstrate that the increased cell motility is in part due to the action of mutated E-cadherin in a trans-dominant-active fashion.
Results
Wild-type and mutant E-cadherin expression in transfected MDA-MB-435S and L929 cells
The following E-cadherin constructs were examined: Wild-type (wt) and three tumour-associated Ecadherin mutants lacking 129 or 189 bp (deleted exons 8 or 9, del 8 or del 9) or containing a point mutation (p 8) in the putative calcium binding site of exon 8 (Figure 1 ). We analysed three transfected cell lines for each construct, and one representative clone is shown in all ®gures. Expression of E-cadherin was examined by Western blot (Figure 2 ). Wt and p 8 Ecadherin of both cell lines showed a molecular weight of 120 kD. E-cadherin with exon 8 deletion (43 amino acids deleted) was slightly smaller in both cell lines. Unexpectedly, cells expressing E-cadherin with the deletion of exon 9 (63 amino acids deleted) showed a protein which migrated with an apparent higher molecular mass than the wt protein in both L929 (L) and MDA-MB-435S cells. In addition, smaller proteins were detected, probably corresponding to some degradation. Wt and mutant E-cadherin in transiently transfected MIA PaCa-2 cells resulted in the same electrophoretic mobilities as seen above (data not shown). However, Neuro 2A cells expressing del 8 or del 9 E-cadherin showed proteins with the expected lower molecular mass compared to the wt protein.
The higher molecular weight of E-cadherin expressed from del 9 cDNA in MDA-MB-435S and L cells was unexpected. MDA-MB-435S cells were therefore treated with tunicamycin to determine if the particular migration pattern results from unusual glycosylation. Again, nonglycosylated del 9 protein showed an apparently larger molecular mass than the nonglycosylated wt protein (data not shown). This indicates that glycosylation cannot be the explanation for the unusual migration behaviour of the del 9 mutant protein.
Morphological appearance of transfected cells and cell-to-cell contact formation
Cells transfected with wt E-cadherin showed a cobblestone-type epithelial morphology with extended cell-to-cell contact regions (Figures 3a and 4b ). Cells expressing del 9 E-cadherin exhibited a more irregular cell shape with fewer extended cell-to-cell contacts (Figures 3b and 4c) . Clones with exon 8 mutations had the most scattered morphology (Figures 3c, d and 4d, e) with only punctuated cell-to-cell contacts. Individual cells were widely separated from one another, and cells seemed to move away from each other.
Electron microscopic images of transfected MDA-MB-435S cells revealed clear dierences in the formation of cell-to-cell contacts (data not shown). Cells expressing wt E-cadherin showed closely apposed lateral membranes. Cells with exon 9 deletion had still extensive areas with close cell-to-cell contacts, however, several gaps were seen. In contrast, cells expressing del 8 or p 8 E-cadherin induced mostly spot-like contacts with neighbouring cells and formed irregular intercellular space.
Subcellular localization of the E-cadherins
Immuno¯uorescence analysis was performed with single cell clones of MDA-MB-435S and L cells expressing wt E-cadherin and the various mutants. Wt E-cadherin expression was found mainly at extended cell-to-cell contact sites, which is the typical pattern for E-cadherin ( Figure 3a) . Staining was lateral, as demonstrated on confocal sections obtained by laser scanning microscopy. In regions without cell-to-cell contact (i.e. at outer borders of epithelial islands) no¯uorescence was detected. Del 9 E-cadherin was also found at the cell-to-cell contact sites (Figure 3b ). Cell clones with del 8 and p 8 E-cadherin showed only punctuate areas of staining at lateral contacts (Figure 3c and d). Additionally, diuse staining was detected for the del 8 and p 8 proteins (Figure 3c and d). With confocal laser scanning microscopy (10 sections of 1 mm from basal to apical) this staining was shown to be located perinuclear and in the apical membrane. L cells showed a distribution of wt and mutated E-cadherin similar to that observed in MDA-MB-435S cells (data not shown).
E-cadherin mutations provoke changes in actin ®lament organization E-cadherin is linked via b-catenin or plakoglobin to acatenin, which mediates the anchorage of the Ecadherin/catenin complex to the actin cytoskeleton (Kemler, 1993) . We investigated by confocal laser scanning microscopy the distribution pattern of actin ®laments in cells expressing wild-type or mutant Ecadherins, after staining with rhodamine-conjugated Figure 1 Schemes of wild-type and mutant E-cadherin cDNAs used for transfection and for mature wild-type protein with putative calcium binding sites. (a) wt: wild-type cDNA, del 9: cDNA with deletion of the complete exon 9; del 8: cDNA with deletion of the complete exon 8; p 8: cDNA with a point mutation in exon 8 changing the codon GAT (position 370; clone HSECAD, Genbank/ EMBL Z13009) to GCT (amino acid residues: asp to ala). pBAT: cloning vector. (b) Bars on the top of the schematic protein structure represent putative calcium binding sites in E-cadherin. ECD1-5: extracellular domain 1 ± 5. DTND, PENE, DAD: aected putative calcium-binding amino acid motifs in exons 8 and 9. D: aspartic acid, T: threonine, N: asparagine, P: proline, E: glutamic acid, A: alanine. Numbers 1 ± 16 represent the exons of the E-cadherin cDNA or the corresponding protein sequence. Exons 8 and 9 marked in grey phalloidin. In nontransfected MDA-MB-435S cells, we observed a circumferential actin belt and well organized actin stress ®bers ( Figure 5a ). An actin belt and prominent stress ®bres were also found in cells transfected with wt E-cadherin cDNA ( Figure 5b ). Cells expressing del 9 E-cadherin resembled somewhat the wt E-cadherin expressing cells, except that intercellular gaps were larger and prevented the formation of a circular actin belt (Figure 5c ). Intriguing changes in actin-based cytoskeleton were observed with mutant (Figure 5d ) and mutant p 8 E-cadherin (Figure 5e ): stress ®bre formation was markedly reduced and lamellipodia-like structures (arrow) appeared. L cells (data not shown) expressing wt E-cadherin showed a circumferential actin belt. Intracellular gaps prevented the actin belt formation in part in del 9 and completely in del 8 E-cadherin expressing cells. Additionally, L cells expressing p 8 or del 8 E-cadherin revealed cell surface protrusions which resembled membrane rues. From these results we conclude that changes in actin ®lament organization are dramatic in cells harbouring a point or deletion mutation in exon 8, whereas del 9 E-cadherin expressing cells appear to have an intermediate state of actin organization.
Motility of cells transfected with wild-type and mutant E-cadherin
To study motility of the various cell lines, wound healing assays were carried out: monolayers of cells were scraped o and remaining cells migrating into the cell-free area were observed for 48 h. Care was Remarkably, cells with a deletion or point mutation in exon 8 moved 100 times faster (i.e. 10 000 cells moved into the cell-free area) than control cells.
Nontransfected L cells showed a high motility (25 000 ± 30 000 cells moved). This movement was signi®cantly reduced by wt E-cadherin expression (Figure 7, lower panel) . All cell lines expressing mutant E-cadherin occupied the cell-free area faster than cells with wt E-cadherin, but clearly slower than nontransfected cells. 
Calcium-dependent aggregation
All mutations aect putative calcium-binding amino acid motifs of E-cadherin (Figure 1b) . We examined calcium-dependent aggregation by using cells in suspension with and without the calcium-chelator EGTA: after incubation on a rotary shaker, the number of cell aggregates were counted and the ratio of aggregates without calcium to aggregates with calcium was determined. In MDA-MB-435S cells (Figure 8, left panel) , wt E-cadherin expressing cells showed strong aggregation (aggregation index 1.61). In contrast, all cell lines with mutated E-cadherin showed decreased aggregation (del 9: 1.19; del 8: 1.35; p 8:
1.12). L cells (Figure 8, right panel) -dependent aggregation. It is noteworth that the clones expressing p 8 E-cadherin showed the weakest aggregation in both cell lines.
Discussion
In the present study we examined the biological relevance of tumour-associated mutations of the cellto-cell adhesion molecule E-cadherin in cell culture experiments. These mutations are splice-site mutations resulting in in-frame loss of exons 8 or 9 and a point mutation in exon 8, as characteristically found in diuse-type gastric carcinomas and their metastases. These tumours are composed of markedly scattered tumour cells which vigorously invade the surrounding mesenchymal tissue (LaureÂ n, 1965; Rosai, 1989) . We wanted to determine if these mutations simply abolish the function of E-cadherin or whether they may act dominantly, i.e. may actively generate the migratory phenotype of the gastric carcinoma cells. We found that both mechanisms occur: in epithelial cells with some initial Ca 2+ -dependent adhesion the E-cadherin mutations actively altered the cell shape towards a less epitheloid morphology and also interfered with initial adhesion. Moreover, mutated E-cadherin sharply increased cell motility and changed the organization of the actin cytoskeleton. In ®broblasts without initial cell-to-cell adhesion, wt E-cadherin established strong Ca 2+ -dependent cell adhesion, whereas the mutant Ecadherins promoted only weak adhesion. These data suggest that E-cadherin mutations found in diuse-type gastric carcinomas are not only null mutations but also actively promote the malignant phenotype of the cells.
In epithelial cells, functionally active E-cadherin is generally found in adherens junctions on the lateral surface of the cells (cf. Birchmeier and Behrens, 1994 , for a review). We found lateral staining in cells expressing mutant E-cadherin which was, however, only punctuate when exon 8 was defective. In addition, we observed diuse E-cadherin staining in the apical and perinuclear regions of the cells. A similar staining pattern was reported with Ca 2+ -depletion, i.e. when Ecadherin-mediated cell adhesion was lost (Shore and Nelson, 1991) . Since the E-cadherin mutations described here aect amino acid residues involved in Ca 2+ -binding, the diuse E-cadherin staining might be explained by a decreased ability to bind Ca 2+ , comparable to partial Ca 2+ -depletion. Diuse apical E-cadherin staining has also been described during the initial process of cell polarization when newly synthesized E-cadherin is ®rst delivered to the apical membrane, from which it is rapidly removed (Wollner et al., 1992) . However, when polarization is complete, most E-cadherin is delivered directly to the lateral Tumour-associated mutations alter E-cadherin activity G Handschuh et al surface from the Golgi complex. The apical localization of del 8 or p 8 E-cadherin might therefore be explained by an inability of the cells to complete polarization. Additional perinuclear staining might result from mutant E-cadherin which is incorrectly processed within the Golgi apparatus or from accelerated protein turnover.
Loss of function of molecules associated with the zonula adherens results in disassembly of adherens junctions and consequently conversion to a more scattered cell morphology (cf. Birchmeier et al., 1995, for a review). A spindled cell morphology is characteristic of E-cadherin-de®cient tumours and cell lines Navarro et al., 1991; Frixen et al., 1991) . Any mutations which aect essential regions of the E-cadherin molecule might therefore have dramatic eects on cell morphology and cell-tocell adhesion. The nontransfected MDA-MB-435S cells used in this study did not express E-cadherin but nevertheless had an epitheloid morphology. N-cadherin, which is expressed in MDA-MB-435S cells (our unpublished observation), might be responsible for this eect. The observed epitheloid morphology is in contrast to reports of Cailleau et al. (1978) and Frixen et al. (1991) , who described the MDA-MB-435S cell line as spindle-shaped. These morphological dierences might be explained by the use of sub-lines diering in their level of N-cadherin expression or by variable cultivation conditions. MDA-MB-435S and L cells expressing wt E-cadherin were reported to exhibit an epitheloid morphology (Nagafuchi et al., 1987; Frixen et al., 1991) . In contrast, we found that MDA-MB-435S cells which express mutated E-cadherins showed a less epithelial morphology.
Various cadherin mutation constructs have previously been investigated and shown to act in a dominant-negative fashion: E-cadherin lacking the cytoplasmic domain or the b-catenin-binding site (Zhu and Watt, 1996) as well as N-cadherin with a large deletion within the extracellular domain (Fujimori and Takeichi, 1992; Kintner, 1992; Hermiston and Gordon, 1995; Dahl et al., 1996; Hertig et al., 1996) . Apparently, adhesiondefective cadherins may tie up essential catenins. To our knowledge, our observation that E-cadherin mutations found in tumours act in a transdominant-negative way has not been reported previously. Ca
2+
-dependent conformational changes may also be important in the regulation of aggregation strength (Overduin et al., 1995) . A change in the rigid structure of the extracellular domain of E-cadherin results from Ca 2+ -depletion and causes a transition from a rigid to a more globular molecular structure (Pokutta et al., 1994) . Presumably, loss of calcium binding motifs in the E-cadherin molecule has an eect comparable to partial depletion of Ca
. The E-cadherin mutations investigated here aect such calcium binding motifs (cf. Figure 1b ): (i) Deletion of exon 8 results in a complete loss of the DTND-amino acid motif; (ii) the point mutation in exon 8 changed this DTND motif to DTNA; and (iii) the deletion of exon 9 results in a total loss of the putative calcium binding sites PENE and DAD. In a previous site-directed mutagenesis experiment, one aspartate (amino acid 134, underlined) in the calcium binding motif DAD of mouse E-cadherin was changed to alanine which led to a complete loss of calcium-dependent aggregation (Ozawa et al., 1990a) . Dimerization of E-cadherin has also been shown to be Ca 2+ -induced (Alattia et al., 1997) . Defective processing of mutated E-cadherin proteins could also lead to decrease or loss of aggregation because cells expressing unprocessed E-cadherin show no intercellular adhesion (Ozawa and Kemler, 1990) . The unexpected gel migration pattern of del 9 Ecadherin we saw was not caused by modi®ed glycosylation but could have resulted from impaired processing. We also found abnormal migration behaviour of del 9 E-cadherin in tumour cell extracts (unpublished observation).
In response to extracellular signals, cells react by dissolving their cell-to-cell contacts and by changing their shape and the strength of their attachment to the substrate (Lauenburger and Horwitz, 1996) . Cell motility is thought to be the result of the concerted action of all these individual events. As described, Ecadherin mediates cell adhesion and suppresses cell motility . In highly motile L cells, wt E-cadherin caused a dramatic reduction of motility, whereas the expression of mutated E-cadherin resulted in partially reduced motility. Non-motile MDA-MB-435S cells expressing wt E-cadherin showed low motility. In contrast, cells expressing mutated Ecadherin (especially exon 8 mutants) were highly motile, suggesting that mutated E-cadherins can provide a gain of function in a trans-dominant active way. Changes in cell motility are known to be correlated with changes in the expression level of wt E-cadherin during development and dierentiation (Takeichi, 1988; Hay, 1995) , but they can also be caused by E-cadherin mutations (Chen et al., 1997) . Thus, deletion of the entire cytoplasmic domain of Ecadherin both abolished adhesion and suppressed cell motility. In contrast, deletion of the juxtamembrane region of the cytoplasmic domain of E-cadherin alone had little eect on adhesion, but led to a complete loss of the ability to suppress motility (Chen et al., 1997) . We demonstrated, that tumour-associated mutations aecting the extracellular part of E-cadherin interfere with its function to suppress cell motility. Whether this requires signalling to the cytoplasmic juxtamembrane region requires further study.
Cell movement is also known to be correlated with integrin expression and function (Lauenburger and Horwitz, 1996) . Cells expressing a dominant-negative E-cadherin mutant with a defect in the extracellular domain showed reduced levels of integrins and increased cell motility, providing evidence for a crosstalk between cadherins and integrins (Zhu and Watt, 1996) . Such a cross-talk may also provide an explanation for the increased motility observed with MDA-MB-435S cells which express mutated Ecadherin.
Actin stress ®bres, which consist of actin ®lament bundles, confer attachment to the substrate, whereas protrusions of the plasma membrane known as lamellipodia are believed to be involved in cell movement (Mitchison and Cramer, 1996) . It became evident recently that the dierent actin organization patterns in ®broblasts and epithelial cells (Braga et al., 1997) are under the control of members of the Rho family of GTP-binding proteins (cf. Zigmond, 1996; Hall, 1998 , for a review). We have shown here that MDA-MB-435S cells expressing del 8 or p 8 Ecadherin have lamellipodia and less prominent stress ®bres than cells expressing wt E-cadherin. Furthermore, the actin belt characteristic of epithelial cells is missing. Besides regulating cell shape, the actin cytoskeleton is also involved in cell movement. Changes in actin ®lament organization caused by Ecadherin mutations might therefore help to explain the observed increased cell motility. We plan to investigate the possible involvement of Rho family GTP-binding proteins in further studies.
Loss of E-cadherin function correlates with increased invasiveness of carcinoma cell lines in vitro, as well as increased malignancy of tumours in vivo (Takeichi, 1993; Birchmeier and Behrens, 1994) . In some tumours, markedly disturbed cell aggregation was observed in spite of strong cadherin expression (Takeichi, 1993) . These ®ndings could be explained by the expression of mutated E-cadherin. Indeed, our results strongly indicate that E-cadherin mutations provoke multiple changes in cell morphology and behaviour which may be correlated with the striking scattered growth pattern or the high metastatic potential of some tumour types. Mutated E-cadherin could also actively interfere with endogenous cadherins expressed in tumour cells. For example, in diuse-type gastric carcinomas cadherin-11 is expressed in both tumour and stroma cells and, most likely mediates heterotypic cell adhesion (Shibata et al., 1996) . Ecadherin mutations in carcinoma cells could functionally inactivate cadherin-mediated cancer-stroma interactions which regulate invasion and stroma cell proliferation.
In the future, the analysis of the structure-function relationship of mutated E-cadherin will be of great importance to elucidate the role of cell-to-cell adhesion during carcinogenesis. Further investigation of tumourassociated and in vitro generated E-cadherin mutations will improve our understanding of the complex processes in which adhesion molecules are involved.
Materials and methods

Cell cultivation
The human MDA-MB-435S mammary carcinoma cell line (ATCC, Rockeville, USA) and mouse L ®broblasts (ATCC, Rockeville, USA) were used for stable transfections, the human MIA PaCa-2 pancreas carcinoma cell line (ATCC, Rockeville, USA) and the mouse Neuro 2A neuroblastoma cell line for transient transfections Huelsken et al., 1994) . None of these cell lines showed expression of E-cadherin before transfection. Cells were cultured at 378C under 5% CO 2 in humidi®ed air with Dulbecco's modi®ed Eagle medium (DMEM) containing 4.5 g/l glucose and 10% foetal calf serum (PAN-Systems, NuÈ rnberg, Germany). For selection of the transfected MDA-MB-435S and L cells, medium was supplemented with 600 or 1000 mg/ml geneticin (Life Technologies, Karlsruhe, Germany), respectively.
Isolation and cloning of mutant and wild-type E-cadherin cDNA Mutant E-cadherin messenger RNA was isolated from previously characterized diuse-type gastric carcinoma tissues (Becker et al., 1993 (Becker et al., , 1994 . The genomic mutation which led to exon skipping was AAAG/gttt to AAAG/ttt in the case of exon 9 and tctctgca/AGTT to tctctg/AGTT in the case of exon 8 (lowercase letters: introns; uppercase letters: exons). As a control, wild-type E-cadherin mRNA was isolated from non-tumourous gastric mucosa. Brie¯y, RNA from frozen tissues was isolated using guanidinium isothiocyanate and cesium chloride-gradient centrifugation, and was ampli®ed by reverse transcription-polymerase chain reaction (RT ± PCR). E-cadherin was ampli®ed in three fragments: the primer pairs 1a (GGAACTGCAAAGCACCTGTG; 721/ 72) and 1b (GGTGGAGTCCCAGGCGTAGAC; 412/392) (outer pair) and 1c (AAGTCAGTTCAGACTCCAGCCC; 9/ 30) and 1d (TGGGTTATGAAACCGTAGAGGC; 376/355) (inner pair) were used for amplication of the ®rst, the pairs 2a (CCATGGGCCCTTGGAGCCGC; 93/110) and 2b (GGG-GGTTCATTCACATC; 1529/1546) for the second, and the pairs 3a (CTACGTATACCCTGGTGG; 1110/1128) and 3b (CTCATCTCAAGGGAAGGGACG; 2764/2781) for the third fragments, respectively. Numbers indicate the nucleotide position in E-cadherin according to a sequence deposited in EMBL/Genbank database: Z13009. The fragments were cloned into the vector pCR TM II (Invitrogen, Leek, The Netherlands) and the correct sequence of all cDNA constructs was con®rmed by sequencing. In the b-actin promoter based expression vector pBATEM (Nose et al., 1988; Nagafuchi et al., 1994) wild-type mouse E-cadherin was replaced by human wild-type and mutated E-cadherins.
cDNA transfection
Cells were transfected with the various cDNA constructs (30 mg each) using the calcium phosphate method (Hartman et al., 1992) . For transient transfections, 2610 6 cells were used, and the cells were analysed after 48 h. For stable transfections, 1.5610 6 cells were used, and the plasmid pSV2neo (Southern and Berg, 1982) was cotransfected. Control transfections were with pSV2neo only. After 2 ± 3 weeks, single cell clones were analysed for E-cadherin expression using immuno¯uorescence and/or Western blot analysis.
SDS ± PAGE and Western immunoblotting
5610
5 cells were lysed with 500 ml L-CAM buer (140 mM NaCl, 4.7 mM KCl, 0.7 mM MgSO 4 , 1.2 mM CaCl 2 , 10 mM HEPES pH 7.4, containing 1% Triton-X-100 and 1 mM phenylmethylsulphonyl¯uoride; Cunningham et al., 1984) , and proteins were separated by 7.5% SDS-polyacrylamide gel electrophoresis followed by transfer to nitrocellulose ®lters (Schleicher and Schuell, Dassel, Germany) . The E-cadherinspeci®c antibody AEC (clone 36, Transduction Laboratories, Lexington, KY, USA) was used for Western blot analysis. Enhanced chemoluminescence (Amersham, Braunschweig, Germany) was used for signal detection. 3610 6 cells were treated for 24 h with tunicamycin at a concentration of 2.5 mg/ml (Shore and Nelson, 1991) . Cells were extracted with L-CAM buer as described above.
Immuno¯uorescence
Five thousand cells were plated on glass coverslips in 6-well plates. After cultivation for 5 days, cells were ®xed with cold methanol (7208C) and incubated for 30 min with 2% bovine serum albumin (BSA) in PBS. Primary antibody SHE78-7 (Alexis Deutschland, GruÈ nberg, Germany) was added for 2 h at a ®nal concentration of 10 mg/ml, followed by a rhodamine-coupled secondary antibody (goat-anti-mouse IgG; Amersham, Braunschweig, Germany) for 30 min. The coverslips were mounted on slides using antifading-reagent (Molecular Probes, Leiden, Netherlands). Images were taken with a confocal laser-scanning microscope (LSM; Zeiss, Oberkochen, Germany).
Staining of actin ®laments
Cells were seeded at a density of 1610 4 on coverslips in 6-well plates and cultured for 5 days. The cells were then ®xed in ice-cold formaldehyde in PBS for 30 min and permeabilized for 30 s in acetone (7208C; Masuda et al., 1996) . Cells were then stained for 1 h at room temperature with rhodamine-conjugated phalloidin (Sigma, Deisenhofen, Germany) at a concentration of 0.125 mg/ml in PBS, and mounted on slides. Cells were analysed on a LSM using the confocal overlaying mode.
Wound healing assay 1.5610 5 cells were plated onto 60-mm tissue culture plates with grids. After 4 days, a portion of the cells was scraped o with a swab (Boyer et al., 1989) . The wounded monolayer was incubated for 48 h, then ®xed with cold methanol (7208C), and stained with Di-Quick reagents (Baxter, Unterschleissheim, Germany) for contrast enhancement. The number of cells within the wound was determined in triplicate in 20 ®elds of 2 mm 2 for each plate and expressed as number of cells/cm 2 .
Calcium-dependent aggregation
Cells were dissociated using 1 mM EGTA and then resuspended in 10 ml PBS without calcium. 2610 5 cells (single cell suspension) were replated on bacteriological Petri dishes in serum-free DMEM medium with or without 4 mM EGTA and incubated on a rotary shaker (100 r.p.m.) At 378C for 80 and 120 min for MDA-MB-435S and L cells, respectively. Calcium-dependent aggregation was determined by counting the number of aggregates with a cell counter. The aggregation index was determined as ratio of number of cell aggregates with EGTA (N no ca ) divided by the number of cell aggregates without EGTA (N ca ): N no ca / N ca . Each assay was repeated three times.
Electron microscopy
Cells were grown on Permanox plastic coverslips (Nunc, Wiesbaden, Gemany) pre-®xed with 2.5% glutaraldehyde and post-®xed in 1% OsO 4 for 20 min. After dehydration in graded series of ethanol to preserve membrane structures, cells were embedded in Epon (Merck, Darmstadt, Germany; Murray et al., 1991) . Ultrathin sections of 80 nm were examined by electron microscopy (Zeiss, Oberkochen, Germany) at a magni®cation of 27 0006 for detailed analysis of cell-to-cell contacts.
